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Abstract: In this paper, two types of nano carbon materials including 0D nano carbon 9 

black and 2D graphene are assembled through electrostatic adsorption to develop smart 10 

cement-based composites. Owing to their excellent mechanical, electrical properties 11 

and synergistic effect, self-assembled 0D/2D nano carbon materials can form 12 

toughening and conductive networks in cement-based materials at low content level 13 

and without changing the preparation process of conventional cement-based materials, 14 

thus endowing cement-based materials with smart and multifunctional properties 15 

including high toughness, self-sensing property to stress/strain and damage, 16 

shielding/absorbing property to electromagnetic wave. The developed smart cement-17 

based composites with self-assembled 0D/2D nano carbon materials have promising 18 

application in the fields of oil well cementing, structural health monitoring, and 19 

electromagnetic protection and anti-electromagnetic pollution. It can therefore 20 

conclude that electrostatic self-assembled 0D/2D nano carbon materials provide a 21 

simple preparation method and excellent composite effect for developing nano cement-22 

based materials, which can be applied in large-scale infrastructures. 23 
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1 Introduction 28 

As the second most used resource after water, cement-based materials are commonly 29 

used to construct infrastructures such as buildings, highways, bridges and tunnels. 30 

However, cement-based material is a typical brittle material with low tensile strength, 31 

poor deformation performance and easy cracking characteristic, which has affected the 32 

safety, applicability and durability of civil engineering. Meanwhile, the absence of 33 

condition assessment tools and timely maintenance are also the chief reasons to the 34 

deterioration of concrete structures. Therefore, improving the toughness of cement-35 

based materials and timely monitoring of infrastructure health are of great importance 36 

to reduce the life cycle cost of structures and save resource and energy [1]. The 37 

intelligent and multifunctional cement-based materials not only can be used as basic 38 

structural materials, but also can possess one or more types of intelligent or functional 39 

behaviors, such as self-sensing, self-healing, self-heating, self-cleaning, 40 

electromagnetic shielding/absorbing, energy harvesting, and light transmitting. This 41 

represents an innovative and sustainable development direction of cement-based 42 

materials. The smart and multifunction properties of cement-based materials can be 43 

achieved through introduction of functional components, composition design and 44 

modification of microstructures [2-8]. Of which, the incorporation of functional fillers 45 

is an effective approach to endow cement-based materials with different functions. The 46 

commonly used functional fillers include graphene [2], carbon black [3], carbon 47 

nanotube (CNT) [4, 5], nano carbon black (NCB) [6], carbon fiber [6], nano titanium 48 

dioxide [7] and nickel powder [8]. For example, Siad et al. [9] pointed out that 49 

incorporating CNTs with dosage of 0.5 wt% endows engineering cementitious 50 

composites with self-sensing and self-healing properties, simultaneously. Parvan et al. 51 

[10] concluded that at the curing ages of 180 days, cement mortar with 0.5-3 wt% NCBs 52 



possesses excellent strain self-sensing property. Yıldırım et al. [11] found that compared 53 

to CNT, CF is a better conductive filler that can give concrete excellent self-sensing 54 

ability and have lower cost and easier mixability. Micheli et al. [12] pointed out that the 55 

electromagnetic wave shielding effectiveness for a 30 cm thick concrete wall with 3 wt% 56 

CNTs is greater than 50 dB. Meanwhile, the electromagnetic field attenuation is closely 57 

related to the wall thickness and CNT content.  58 

As a typical 2D nano carbon material, graphene offers a possibility to develop 59 

tailored, high-performance, and multifunctional cement-based materials due to its 60 

remarkable mechanical, electrical, and thermal properties, excellent nanoscale effects, 61 

and low density [13-16]. Therefore, studies on the performance of cement-based 62 

materials with graphene fillers are of great value and can stimulate future development 63 

of civil construction technologies [17-30]. For example, Sun et al. [17] found that the 64 

incorporation of multi-layer graphenes can effectively improve the compressive 65 

strength and elastic modulus of cementitious composites and endow them with 66 

electrical conductivity, piezoresistive, electromagnetic interference shielding 67 

effectiveness and absorbing performance. Jin et al. [19] embedded graphene/cement 68 

composite into cement mortar to realize the real-time monitoring of chloride ion 69 

penetration in cement mortar. Hou et al. [20] pointed out that graphene has poor 70 

dispersibility in alkaline environments, leading to the reduction of hydration 71 

development and mechanical behavior of cement paste. Singh et al. [28] observed that 72 

incorporation of graphene oxide (30 wt%) along with an appropriate amount of 73 

ferrofluid in the cement matrix leads to a shielding effectiveness of 46 dB, which can 74 

be attributed to the strong polarizations and magnetic losses. Du et al. [29] concluded 75 

that the electrical resistivity of the cement mortar with graphene nanoplatelets decreases 76 

with the increase of graphene nanoplatelets content, and the percolation threshold is 2.4 77 



vol%-3.6 vol%. They also pointed out that the insensitive property to moisture content 78 

of graphene nanoplatelet-infused mortar makes it a reliable damage-sensing material 79 

for infrastructure applications. It is worth noting that, physical dispersion measures or 80 

dispersant are usually needed in the preparation process of cement-based materials with 81 

graphene in order to improve the dispersibility and reduce the dosage of graphene [25-82 

31]. This greatly increases the cost and complicates the production process of large 83 

infrastructures using cement-based materials with graphene. As a high cost-effective 84 

0D nano carbon material, the incorporation of nano CB can also endow cement-based 85 

materials with electrical conductivity and self-sensing properties [32-34]. However, the 86 

mechanical behavior of cement-based materials is significantly weakened due to the 87 

addition of nano CB [35]. Parvan et al. [36] obtained the conclusion that with the 88 

increase of CB content, the amount of water required for the normal consistency 89 

increases and the final setting time of cement paste delays. They also point out that the 90 

dosage of CB can only be 0.5-1 wt% in order to maintain a considerable compressive 91 

strength compared to that of mortar without fillers.  92 

In this paper, the 0D nano carbon black and 2D graphene are assembled through 93 

electrostatic adsorption to perform the synergistic combination effect which cannot get 94 

by adding alone or directly mixed nano carbon black and graphene. On the one hand, 95 

nano carbon black can improve the dispersibility of graphene without additional 96 

dispersion method and without changing the preparation process of cement-based 97 

materials [37, 38]. This is helpful for the mass production and energy reduction in the 98 

preparation of composites. On the other hand, 0D nano carbon black and 2D graphene 99 

can play short-range and long-range electrical conductivity, respectively, i.e. coupling 100 

effect, to give cement-based materials sensing property at low content level. In addition, 101 

the incorporation of graphene can offset the adverse effect of 0D nano carbon black on 102 



the mechanical behavior of cement-based materials. Even, the 0D nano carbon black 103 

absorbed on the surface of graphene can enhance the micro-fiber effect of graphene [37, 104 

38]. Owing to the excellent mechanical, electrical properties and size effect, the 105 

addition of self-assembled 0D/2D nano carbon materials, i.e. self-assembled 106 

graphene/nano carbon black (GCB) composite fillers, are potential to give cement-107 

based materials with intelligence and multifunctionality. Hence, the GCB composite 108 

fillers were used to fabricate smart cement-based materials in this paper. The 109 

mechanical behavior, self-sensing, electromagnetic wave shielding and absorbing 110 

properties of cement-based materials with GCB composite fillers were investigated and 111 

the corresponding modification mechanisms were analyzed. 112 

2 Experiment schemes 113 

2.1 Raw materials and mix design 114 

This study was performed on hardened cement pastes without aggregates, leading to 115 

that the raw materials included cement, water, water reducing agent and GCB 116 

composite fillers. The type of cement used was PⅠ 42.5 with density of 3.1 g/cm3. The 117 

chemical position and properties of cement conform to the requirements of China’s 118 

standard GB175-2007 <Common Portland Cement>. 3310E type polycarboxylate 119 

superplasticizer (produced by Sika, China) was used as water reducing agent and 120 

surfactant, simultaneously, to adjust the workability of mixture and improve the 121 

dispersion of GCB composite fillers [39, 40]. The SEM image of the GCB composite 122 

fillers was shown in Fig. 1 and their properties are listed in Table 1. GCB composite 123 

fillers were purchased from Chengdu (China) Organic Chemicals Co. Ltd. and the 124 

production process was as follows. In order to obtain uniform and stable GCB 125 

composite fillers, the cationic/nonionic compounded surfactant was used to make 126 

graphenes (with layers less than 3) have positive charge, and then the surface positively 127 



charged graphenes and surface negatively charged carbon blacks (with specific surface 128 

area of 108 m2/g) assemble through electrostatic adsorption. This means that the GCB 129 

composite fillers can produce the synergy effect of graphene and carbon black.  130 

 
Fig. 1 SEM image of GCB composite fillers 

 131 
Table 1 Main properties of graphene, carbon black and GCB composite fillers 132 

Graphene 

content 

(wt%) 

Graphene 

layers 

Lateral 

size of 

graphene 

(µm) 

Graphene 

purity 

(wt%) 

Particle 

size of 

carbon 

black 

(nm) 

GCB composite fillers  

Specific 

surface 

area 

(m2/g) 

Specific 

resistance 

(cm) 

Density 

(g/cm3) 

20 3 8-15 98 20-25 121 0.233 2.12 

 133 
Table 2 Composite mix details including mass and volume fractions of GCB fillers used  134 

Specime

ns  

Weight of raw materials for three 

samples, g 

Water/cem

ent ratio 

GCB 

filler 

conten

t (wt% 

of 

cemen

t) 

GCB 

filler 

content 

(vol% of 

composit

e) 

Graphen

e content 

(vol% of 

composit

e) 

Ceme

nt 

Wat

er 

GCB 

composi

te fillers 

Water 

reducin

g agent 

GCB-0% 100 30 0 1.5 0.3 0 0 0 

GCB-

1.5% 
100 30 1.5 1.5 0.3 1.5 1.15 0.23 

GCB-

3.0% 
100 30 3.0 1.5 0.3 3.0 2.36 0.47 

GCB-

4.5% 
100 30 4.5 1.5 0.3 4.5 3.35 0.67 

GCB-

6.0% 
100 40 6.0 1.5 0.4 6.0 4.11 0.82 

GCB-

7.5% 
100 40 7.5 1.5 0.4 7.0 5.08 1.02 

GCB-

9.0% 
100 40 9.00 1.5 0.4 9.0 6.04 1.21 

Graphene 

Carbon black 



 135 

Table 2 presents the composites mix details including the mass and volume fractions 136 

of GCB used. In order to ensure the good workability of mixtures, the water cement 137 

ratio was increased to 0.4 when the dosage of GCB composite filler was larger than 4.5 138 

wt% of cement. Although the dispersion becomes more difficult as the dosage of GCB 139 

composite filler increases [41], the dosage of water reducing agent with was fixed as 140 

1.5 wt% of cement to avoid the influence of water in agent on properties of composites. 141 

The specimens were named after mass content of GCB composite fillers. For example, 142 

GCB-1.5% refers to cement-based materials with GCB composite fillers at mass 143 

content of 1.5%.  144 

2.2 Specimens preparation 145 

The mixing process of cement-based materials with GCB composite fillers was 146 

conducted as follows. Firstly, the weighed water, water reducing agent and GCB 147 

composite fillers were mixed for 30 seconds at a low speed of 1000±100 r/min using a 148 

mortar stirrer. Secondly, cement was added and the composites were mixed at the same 149 

low speed for 60 seconds, then, at high speed of 2000±100 r/min for 60 s. Thirdly, the 150 

mixture was poured into oiled molds (with size of 20 mm×20 mm×40 mm) in one-go, 151 

and then vibrated for 60 seconds to eliminate air bubbles. Lastly, two stainless steel 152 

gauze electrodes were embedded into the corresponding positions of specimens (10 mm 153 

measured from one side of specimens) to achieve the required connections for detecting 154 

the electrical and self-sensing properties of composites. After that, the specimens were 155 

vibrated for another 30 seconds in order to enhance the bond between electrodes and 156 

composites. Next, all specimens were kept in a standard curing chamber and then 157 

demoulded after 24 hours. Then, the specimens were cured in water at 20 °C for 28 158 

days before testing. 159 



2.3 Measurements 160 

The electrical resistance of cement-based materials with GCB composite fillers was 161 

tested at the curing ages of 3 days, 7 days, 14 days, 21 days and 28 days, respectively. 162 

The two-electrode alternating current (AC) resistance was measured using an Agilent 163 

U1733C Digital Multimeter at a frequency of 100 kHz in order to eliminate the effect 164 

of polarization [42]. Meanwhile, the two-electrode direct current (DC) resistance was 165 

measured by a Keithley 2100 digital multimeter. The electrical resistivity, ρ, is 166 

calculated according to ρ=RS/L, where R is the electrical resistance, S is the cross-167 

sectional area and L is the distance between two electrodes. The electrochemical 168 

impedance spectroscopy (EIS) of the composites was tested using electrochemical 169 

analyzer. A frequency ranged from 10-2 Hz to 105 Hz and a low-amplitude AC excitation 170 

of 50 mV were used for EIS test in this study.  171 

In order to study the self-sensing property of the composites, the cyclic compressive 172 

loading was exerted on specimens with size of 20 mm×20 mm×40 mm under 173 

displacement control arrangement and the loading rate was 0.4 mm/min. The maximum 174 

value of the cyclic compressive loading is 8 kN (within an elastic regime). The strain 175 

gauges were attached on the opposite sides of specimens along the loading direction 176 

and perpendicular to the loading direction to test the longitudinal strain and transvers 177 

strain, respectively. Dynamic strain indicator was employed to acquire the strain values. 178 

At the same time, the two-electrode DC resistance measurement was carried out by 179 

using Keithley 2100. The fractional change in electrical resistivity (FCR) is calculated 180 

based on the equation of 00l )/ρρ-(ρ100%FCR =  , where 0ρ   is the resistivity 181 

without loading and lρ  is the resistivity under loading. The monotonic compressive 182 

loading was exerted on the specimens with a loading rate of 1.2 mm/min after cyclic 183 

compressive test. The longitudinal/transverse strain and two-electrode DC resistance 184 



were, all, measured during the monotonic compression test. The average strain 185 

calculated from the measured two strain values was used to describe the relationship 186 

between FCR and cyclic/monotonic compressive strain/stress. The integration of 187 

compressive strain-stress curves was defined as compression work, representing the 188 

energy consumed during the process of compression. 189 

The powder sample of the composites was prepared into annular specimen for 190 

electromagnetic wave property test, with 3.04 mm inner diameter and 7 mm outer 191 

diameter. The electromagnetic wave shielding effectiveness (SE) and reflectivity was 192 

calculated based on Eqs. (1) and (2) according to references [43, 44]. The test frequency 193 

range was 2-18 GHz. Meanwhile, the SEM images of GCB composite fillers and the 194 

composites were taken. 195 

2 2

12 21
10 (1 ) = 10 (1 )SE = lg / S lg / S               (1) 196 

where SE is the electromagnetic wave shielding effectiveness. On the basis of vector 197 

network method, S12 refers to the reverse transmission coefficient between surface 2 198 

and surface 1 when the surface 2 is connected with a matched load, S21 refers to the 199 

reverse transmission coefficient between surface 1 and surface 2 when the surface 1 is 200 

connected with a matched load. 201 

/ ( (2 / ) / )
20

/ ( ( / ) / )

r r r r

r r r r

μ ε tanh j πfd c μ ε - 1
R = lg

μ ε tanh j 2πfd c μ ε + 1
              (2) 202 

where R is the electromagnetic wave reflectivity, µr is the magnetic permeability, εr is 203 

the dielectric permittivity, h is the height of specimens, j is the imaginary unit, f is the 204 

frequency of the electromagnetic wave, d is the thickness of specimens, c is the 205 

transmission speed of the electromagnetic wave in air. There were three identical 206 

specimens for each composite mix. The strain-stress curves, EIS, strain-FCR curves, 207 



stress-FCR curves, strain-stress-FCR curves, shielding effectiveness and reflectivity 208 

curves which is closest to the average one was selected to analyze the mechanical, self-209 

sensing and electromagnetic wave characteristics of cement-based materials with GCB 210 

composite fillers. The average value of compressive strength, compressive work, AC 211 

electrical resistivity and DC electrical resistivity of three specimens for each composite 212 

was regarded as the final result. The sampling rate of stress, strain and FCR was 2 Hz.  213 

3 Results and discussions 214 

3.1 Compressive behavior 215 

The compressive strain-stress curves of cement-based materials with GCB composite 216 

fillers are demonstrated in Fig. 2(a). It can be seen that the slope of strain-stress curves 217 

decreases with the increasing filler content. The peak stress of the composites displays 218 

a declining trend due to the incorporation of GCB composite fillers, while the peak 219 

strain of the composites increases from 5552 µε to 8661 µε. The strain-stress curve of 220 

cement-based materials without fillers shows a linear growth until peak stress, 221 

exhibiting typical brittleness material characteristic. However, the ascending stage of 222 

strain-stress curves of cement-based materials with GCB composite fillers consists of 223 

elastic and plastic regions. In addition, the plastic section prolongs with the increase of 224 

filler content, indicating that the addition of GCB composite fillers can effectively 225 

hinder the propagation of cracks and improve the deformation ability of cement-based 226 

materials, through bridging cracks and being pulled-out or pulled-off. Meanwhile, the 227 

elastic modulus can be calculated from the compressive stress to strain curves within 228 

the elastic limit where the stress is directly proportional to strain (40% of the maximum 229 

applied stress) according to the standards, i.e. ASTM C469. It can be found in Fig. 2(a) 230 

that the elastic modulus of GCB-0% with water-cement ratio of 0.3 is 23.2 GPa, which 231 

is comparable to the result of reference [17]. The elastic modulus decreases as the filler 232 



content increase from 0% to 4.5%, and this can be attributed to the aggregation of GCB 233 

composite fillers, the reduction of mixture workability, and the increase of air content. 234 

When the water-cement ratio is 0.4, the decline amplitude of elastic modulus increases. 235 

The elastic modulus is decreased by 63.4% due to the addition of 9 wt% GCB 236 

composite fillers and the increase of water-cement ratio. In addition, the reduced elastic 237 

modulus allows the crack formations at lower loading level compared to control 238 

specimens, resulting in the prolong of the plastic stage on compressive stress-strain 239 

curves. 240 
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(a) Compressive strain-stress (b) Compressive strength and work 

Fig. 2 Compressive behavior of cement-based materials with GCB composite fillers 

 241 

Fig. 2(b) shows the compressive strength and compression work of cement-based 242 

materials with GCB composite fillers. It is clear that incorporating GCB composite 243 

fillers with content less than 3% has no adverse effect on the compressive strength of 244 

cement-based materials. The compressive strength lowers by 19.2% when the filler 245 

content is 4.5%. The reduced rate of compressive strength is 47.7% for GCB-9.0%, 246 

which can be ascribed to the increase of water to cement ratio and the adsorption effect 247 

of fillers. However, the compressive strength of GCB-4.5%, GCB-6.0%, GCB-7.5% 248 

and GCB-9.0% can still reach 96.8 MPa, 72.2 MPa, 66.8 MPa and 62.7 MPa, 249 

respectively. Meanwhile, the maximum reduction of compressive strength (47.7%) 250 

caused by the addition of GCB composite fillers is lower than that of elastic modulus 251 



(63.3%, as shown in Fig. 2(a)), which is one sign of increased toughness and meets the 252 

requirements of oil well cement. Moreover, the compressive strength error bar of the 253 

composites with fillers is smaller than that of composites without fillers. This can be 254 

attributed to the good thermal conductivity of GCB composite fillers, leading to that 255 

the original temperature micro cracks can be reduced and the structural uniformity is 256 

increased. That is to say, the distribution of fillers is closely related to the property 257 

stability of composite. Therefore, the decrease of compressive strength error bar 258 

indicates the good dispersibility of GCB composite fillers from one aspect. Fig. 2(b) 259 

also demonstrates that at the same water to cement ratio, the compression work 260 

calculated by the strain-stress curve integration shows a growing tendency with the 261 

increase of GCB composite filler content. The increase of water-cement ratio 262 

significantly reduces the compression work of composites, resulting from the increase 263 

of macroscopic defects. The compression work of GCB-4.5% is 28.6% higher than that 264 

of GCB-0%, and the compression work of GCB-9% is only lowered by 13.3%. This 265 

can be attributed to the large longitudinal deformation of specimens. The compressive 266 

strength of GCB-9.0% (the corresponding volume fraction of graphene is 1.21%.) is 267 

40.3% higher than that of Lu’s research [45], while the elastic modulus is only improved 268 

by 28.9%, indicating that GCB-9.0% satisfies the requirement of oil well cement.  269 

 
(a) Without GCB fillers (b) Specimens (c) With GCB fillers 

Fig. 3 Compressive failure state of cement-based materials with GCB composite fillers 
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Fig. 4 Toughening mechanisms of GCB composite fillers 

 271 

The failure state of cement-based materials with GCB composite fillers under 272 

compression is demonstrated in Fig. 3. Because carbon black has strong water 273 

absorption [46, 47], the fluidity of the composites becomes worse with the increasing 274 

fillers. This leads to an increase of the air content and macroscopic defects. Therefore, 275 

the compressive strength and elastic modulus decreases, too. However, it should be 276 

noted that the longitudinal strain of the composites and compression work increases 277 

due to the incorporation of fillers. It can be attributed to that this kind of electrostatic 278 

self-assembled GCB filler can play hydration nucleation effect and micro fiber effect 279 

in cement-based materials [48, 49], simultaneously, as shown in Figs. 4 and 5. Fig. 5 280 

demonstrates that the micro fiber effect of GCB composite fillers can reduce original 281 

cracks and inhibit the initiation and propagation of existing cracks. Meanwhile, the 282 

GCB composite fillers in the margin zone of specimens have lateral restraint effect and 283 

increase longitudinal deformation. It is worth noting that the self-assembled CBs on 284 

Graphene Carbon black GCB composite filler

Hooking effect of CB

Hydration nucleation effect and  micro fiber effect 

of GCB composite fillers in cement-based materials

Electrostatic

self-assemble

CHC-S-HCarbon black Pinning effect of CBCracks



graphene act as hooking units and they are also hydration nucleus in cement-based 285 

materials [49], also as demonstrated in Figs. 4 and 5. The hooking function of CBs 286 

endows graphene with characteristic like special-shaped steel fiber or ribbed bar, i.e., 287 

the addition of graphene with CBs hooking units can significantly improve the after-288 

cracking properties of cement-based materials. In other words, the CBs coated with 289 

hydration products endow graphene self-pinning effect, effectively inhibiting the 290 

debonding and being pulled-out of graphene. This is consistent with the conclusion that 291 

the non-linear stage on the compressive strain-stress curves of cement-based 292 

composites increases with the increase of filler content. The characteristics of high 293 

compressive strength, low elastic modulus, large longitudinal strain and high 294 

compression work of the composites provide feasibility for its use in oil well cementing.  295 

  
Fig. 5 The inhibition effect of GCB composite fillers on the propagation of cracks 

 296 

3.2 Electrical resistivity and self-sensing property 297 

3.2.1 Electrical resistivity 298 

Fig. 6 shows the DC and AC electrical resistivity of cement-based materials with 299 

GCB composite fillers. Fig. 6(a) indicates that when the content of fillers is smaller 300 

than 4.5%, the DC electrical resistivity of the composites decreases with the increased 301 

filler content and it also increases with the increase of curing ages. As the content of 302 

fillers increases from 0% to 4.5%, the DC electrical resistivity of the composites at the 303 

Inhibition effect on the 

propagation of cracks 

Hooking and hydration nucleus 

effect of carbon black 



curing ages of 28 d can lower from 35×104 cm to 0.9×104 cm. The increase of 304 

water-cement ratio also leads to the decrease of electrical resistivity. When the water-305 

cement ratio is 0.4, the DC electrical resistivity of GCB-6.0%, GCB-7.5% and GCB-306 

9.0% is 1932 cm, 510 cm and 182 cm, respectively, representing that GCB 307 

composite fillers have been overlapped to form conductive network. That is to say, the 308 

DC electrical resistivity of cement-based martials can be reduced by three orders of 309 

magnitudes under the combination effect of GCB composite fillers and water-cement 310 

ratio. The two-electrode DC electrical resistivity of GCB-9.0% is two orders of 311 

magnitudes lower than that of cement-based composites with 10 wt% MLGs [17], 312 

indicating the synergistic effect of GCB composite fillers. Meanwhile, this value is 313 

comparable to that of cement paste with water-cement ratio of 0.4 and 20 wt.% carbon 314 

black [3], and the four-electrode electrical resistivity of cement paste with 1.0 wt% 315 

MWCNTs [50].  316 
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(a) DC electrical resistivity (b) AC electrical resistivity 

Fig. 6 Electrical resistivity of cement-based materials with GCB composite fillers 

 317 

As shown in Fig. 6(b), the AC electrical resistivity of the composites has the same 318 

change rule with that of DC electrical resistivity. When the filler content is 1.5%, the 319 

conductive pathway is formed mainly by cement matrix. The AC electrical resistivity 320 

of GCB-4.5% is 534 cm, reduced by one order of magnitude compared to that of 321 

GCB-0%, indicating that the fillers can form widely distributed conductive network in 322 



cement-based materials. As the filler content increases from 6.0% to 9.0%, the electrical 323 

resistivity of composites decreases from 292 cm to 90 cm, two orders of 324 

magnitudes lower than that of GCB-0%. The relative reduction between GCB-4.5% 325 

and GCB-6.0% mainly comes from the effect of water-cement ratio. Contrast analysis 326 

between Fig. 6(a) and 6(b) manifests that the AC electrical resistivity of the composites 327 

is four orders of magnitudes lower than that of DC electrical resistivity due to the 328 

polarization effect. The AC electrical resistivity of GCB-9.0% is one order of 329 

magnitude lower than that of cement-based composites with 9 wt% MLGs [17]. 330 

3.2.2 Electrochemical impedance spectroscopy (EIS) 331 

The EIS of cement-based materials with GCB composite fillers can be drawn in 332 

Nyquist plot, as shown in Fig. 7. It can be seen from Fig. 7 that with the frequency in 333 

each plot decreasing from left to right, the location, time parameter and topological 334 

structure of EIS vary with filler content. The deviation between the AC resistivity of 335 

composites and the values of EIS starting points (at the frequency of 100 kHz) is less 336 

than 15%, indicating the data validity and repeatability. The various stages of EIS can 337 

be represented by electrical basic equivalent element (such as resistance, capacitance 338 

and constant phase angle) and composite equivalent element (e.g. the series or parallel 339 

of resistance and capacitance) [51-54], and then the equivalent circuit can be plotted to 340 

qualitatively analyze the electric kinetic process of the composites, as demonstrated in 341 

Fig. 8. Fig. 7(a) shows that for GCB-0%, the EIS includes a small arc and an oblique 342 

line in the first quadrant, representing the conductive pathway in the composites mainly 343 

depends on the charge diffusion impedance of cement matrix and the electrodes' 344 

response due to ions from the pore solution. The corresponding equivalent circuit can 345 

be plotted in Fig. 8(a). The charge diffusion process through cement matrix and 346 

electrode is expressed by the parallel of resistance and constant phase angle. R1 347 



represents the charge diffusion impedance of cement matrix, R2 indicates the contact 348 

impedance between electrode and cement matrix, Q1 is the double layer capacitance 349 

formed by hydration C-S-H gels, and Q2 is the interfacial double layer capacitance 350 

between electrode and cement matrix. The EIS and the corresponding equivalent circuit 351 

of GCB-1.5% are similar to that of GCB-0%. When the filler content is 4.5%, the EIS 352 

of the composites consists of two semi-arcs (as shown in Fig. 7(b)), the conductive 353 

pathway of which is determined by GCB composite fillers and cement matrix together. 354 

The topological structure of EIS for GCB-3.0% is the same to that for GCB-4.5%. The 355 

appearance of the first flat semi-arc can be attributed to the formation of capacitor plate 356 

caused by fillers and pore solution. The corresponding composite equivalent element 357 

can be expressed by the parallel of resistance, capacitance and the series of resistance 358 

and constant phase angle, as shown in Fig. 8(b). The second semi-arc of EIS is caused 359 

by the charge diffusion process at the position of electrodes. In Fig. 8(b), R3 represents 360 

the overlapped resistance formed by GCB composite fillers, Q3 is the double layer 361 

capacitance between GCB composite fillers and cement matrix. As plotted in Figs. 7(c) 362 

and (d), the EIS of GCB-6.0%and GCB-9.0% has the same topological structure and 363 

they are all composed of a quadrant arc and a semi-arc together. GCB-7.5% possess the 364 

same EIS topological structure as GCB-6.0% and GCB-9.0%. The conductive pathway 365 

in these specimens is mainly constituted of overlapped GCB composite fillers, and this 366 

is hardly affected by water-cement ratio. Fig. 8(c) shows that the capacitance plate 367 

element on the surface of fillers can be used to represent the quadrant arc part of EIS, 368 

and the formation of semi-arc part of EIS is ascribed to the charge diffusion on the 369 

surface of electrodes which is expressed by the parallel of resistance and constant phase 370 

angle. ZsimpWin software is used to fit and analyze the conductive pathway model of 371 

cement-based materials with GCB composite fillers, and the fitting results are shown 372 



in Fig. 6. The value of Chi-squared which characterizes the fit degree is less than 373 

1.21×10-3, agreeing well with the measured results of EIS, and the selected equivalent 374 

circuits are reasonable for describing EIS of the composites. 375 

It can be concluded that the fillers can disperse well in cement-based materials and 376 

is more likely to form conductive network. This can be attributed to the following: 1) 377 

the electrical resistivity of GCB composite filler is only 0.233 cm; 2) the size of 378 

composite filler is larger than that of graphene alone or carbon black alone; 3) the 379 

graphene in GCB composite fillers plays the role of long-range conduction and the 380 

carbon black possesses short-range conduction effect.  381 
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Fig. 7 EIS of cement-based materials with GCB composite fillers 
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(a) GCB-0% and GCB-1.5% 

 
(b) GCB-3.0% and GCB-4.5% 

 
(c) GCB-6.0%, GCB-7.5% and GCB-9.0% 

Fig. 8 The equivalent circuit of cement-based materials with GCB composite fillers (R1 

represents the charge diffusion impedance of cement matrix, R2 indicates the contact impedance 

between electrode and cement matrix, and R3 represents the overlapped resistance formed by 

GCB composite fillers. Q1，Q2 and Q3 is the double layer capacitance formed by hydration C-S-

H gels, the interfacial double layer capacitance between electrode and cement matrix and the 

interfacial double layer capacitance between GCB composite fillers and cement matrix, 

respectively.) 
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Fig. 9 Pore solution resistance of cement-based materials with GCB composite fillers 
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The pore solution resistance Rs can be obtained by ZsimpWin software fitting. and 384 

the value of Rs is an inverse function of porosity and pore solution concentration. As 385 

shown in Fig. 9, the pore solution resistance Rs decreases with the increasing filler 386 

content. This can be attributed to that the micro pore amount in the composites increases 387 

due to the incorporation of GCB composite fillers. Meanwhile, the ionic adsorption 388 
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happens on the surface of CB, causing the enhancement of ionic concentration in pore 389 

solution. The change rule of pore solution resistance with filler content is the same with 390 

that of AC electrical resistivity. When the water-cement ratio is 0.3, the pore solution 391 

resistance decreases from 682.9 Ω to 383 Ω as the dosage of GCB composite filler 392 

increases from 3.0% to 4.5%. In contrast, the pore solution resistance of GCB-6.0% is 393 

227.9 Ω, only decreased by 40.5% in the combination effect of the increase of filler 394 

content and water-cement ratio. The above analyses indicate that the conductive 395 

pathway has been well established when GCB composite fillers content is 4.5%. Since 396 

conductive pathways formed by the connection of fillers are continuously established, 397 

the pore solution resistance is insignificantly influenced by cement matrix. 398 

3.2.3 Self-sensing properties 399 

1) Under cyclic compressive loading 400 

Experimental results show that GCB-4.5% has the best stable, repeatable and 401 

sensitive self-sensing properties compared to other composites as the content of filler 402 

for GCB-4.5% is in the percolation threshold zone. Therefore, the time history 403 

relationships of stress/strain and FCR for GCB-4.5% are established, as demonstrated 404 

in Fig. 10. The cyclic stress amplitude is set at 20 MPa which is less than 1/3 of the 405 

minimum compressive strength of the composites to ensure the deformation of 406 

specimens within the elastic regime. It can be seen from Fig. 10 that the FCR of GCB-407 

4.5% decreases upon loading and increases upon unloading, which indicates that the 408 

composite has stable and reversible piezoresistive response. The function relationships 409 

between strain/stress and FCR of GCB-4.5% are shown in Fig. 11. The quadratic 410 

polynomial is used to fit the relationship between strain/stress and FCR, and the 411 

goodness of fit is larger than 0.99, confirming again that the composite has stable 412 

piezoresistive response under cyclic compressive loading.  413 
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Fig. 11 Function relationships of strain/stress and FCR of GCB-4.5% under cyclic compressive 

loading  

 415 

The strain sensitivity (SAS) of cement-based materials with GCB composite fillers 416 

can be calculated by the following Eq. (1). 417 

ε

FCR
SAS max=                          (3) 418 

where SAS is strain sensitivity, FCRmax is the maximum FCR during the process of 419 

compressive loading, ε is the compressive longitudinal strain corresponding to the 420 

maximum FCR. The SAS of composites under 6 times of cyclic compressive loading 421 

are plotted in Fig. 12. Through comparable analysis, it is found that the change rule of 422 

strain sensitivity of the composites with the content of fillers has a similar tendency 423 

with EIS. The FCR under cyclic compression loading is 0.2%, 0.2%, 0.3%, 1.9%, 2.4%, 424 

2.8%, 3.0% for GCB-0%, GCB-1.5%, GCB-3.0%, GCB-4.5%, GCB-6.0%, GCB-7.5% 425 
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(a) Strain-FCR (b) Stress-FCR 

Fig. 10 Time history relationships between FCR and cyclic stress/strain of GCB-4.5%  



and GCB-9.0%, respectively. Meanwhile, the increase of water-cement ratio reduces 426 

the compressive strength and elastic modulus of composites, leading to the increase of 427 

deformation under the same loading level. The corresponding values of cyclic 428 

compressive strain are 750 (×10-6), 800 (×10-6), 800 (×10-6), 1000 (×10-6), 1300 (×10-429 

6), 1600 (×10-6) and 1900 (×10-6), respectively. It is clear from Fig. 12 that GCB-1.5% 430 

has nearly the same strain sensitivity value as GCB-0%, which is caused by the elastic 431 

deformation of the specimens. This also means that GCB-1.5% has no self-sensing 432 

property. When the content of fillers is 3.0%, the strain sensitivity is only increased by 433 

44.2%. When the content of GCB composite fillers is 4.5%, the strain is only increased 434 

by 33.3%, in contrast, the fractional change in electrical resistivity is improved by 8.5 435 

times. This means that the strain sensitivity of GCB-4.5% is 630.8% higher than that of 436 

GCB-0%. For the composites with filler content larger than 4.5%, the strain sensitivity 437 

of the composites decreases with the increasing filler content. Although the elastic 438 

deformation of the specimens is enlarged due to the increase of water to cement ratio, 439 

it has no beneficial effect on the strain sensitivity, indicating that conductive pathway 440 

has been formed in GCB-4.5%. 441 

The strain sensitivity of the composites can be attributed to the following factors. 442 

First, the specimens have elastic deformation and the resistance of GCB composite 443 

fillers will change under cyclic compressive loading. Second, the distance between 444 

fillers becomes smaller under compression, which connects adjacent fillers or improves 445 

the chance of tunneling effect. Third, the resistance between filler and cement matrix 446 

interface decreases with the increasing compressive loading. It should be noted that the 447 

change of the distance between fillers is the main factor among them. When the filler 448 

content is less than 3.0%, the distance between fillers is too far away to overlap with 449 

each other or even has no tunneling effect. Therefore, GCB-1.5% and GCB-3.0% have 450 



high electrical resistivity and low piezoresistive property. As the filler content is 4.5%, 451 

they can be evenly distributed in cement matrix and are very close together. As a result, 452 

the electrical resistivity of GCB-4.5% is lowered by two orders of magnitude. When 453 

subjected to compression, the distance between fillers is reduced and the chance of 454 

tunneling conductive effect increases. For GCB-6.0%, GCB-7.5% and GCB-9.0%, the 455 

fillers in the composites have overlapped with each other. Meanwhile, the resistance of 456 

the overlapped fillers varies little under compression. Furthermore, the increase of 457 

water-cement ratio for GCB-6.0%, GCB-7.5% and GCB-9.0% improves the integrity 458 

of conductive pathway by providing pore solution and ionic conductance. This is why 459 

the strain sensitivity of these composites is not as high as that of GCB-4.5%. The strain 460 

sensitivity of the cement-based materials with 4.5 wt% GCB composite fillers, i.e. 0.69 461 

vol% graphene, is 280.0% higher than that of cement-based materials with 2 vol% 462 

multi-layer graphenes (MLGs) [17]. Meanwhile, cement composites with carbon black 463 

less than 7 wt% have no piezoresistive properties in the research of Monteiro et al. [33], 464 

indicating that GCB composite filler has better dispersion property than carbon black.  465 
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Fig. 12 Strain sensitivity of cement-based materials with GCB composite fillers under 6 times 

of cyclic compressive loading 

 466 
 467 

2) Under monotonic compressive loading 468 

The strain-stress and strain-FCR curves of cement-based materials with GCB 469 

composite fillers under monotonic compressive loading are shown in Fig. 13. It is clear 470 



that the curves of strain-stress and strain-FCR possess the same trend. When the filler 471 

content is less than 3.0%, the absolute value of FCR first exhibits linear growth and 472 

then suddenly increases with the increasing compressive stress/strain, the maximum 473 

absolute value of which is 3.7%, 5.7% and 8.4% for GCB-0%, GCB-1.5% and GCB-474 

3.0%, respectively, as shown in Fig. 13(a). This can be mainly attributed to the variation 475 

of specimen deformation under loading. For GCB-4.5%, the maximum absolute value 476 

of FCR reaches 16.1%, which is caused by the change of filler conductive pathway and 477 

specimen deformation together. Fig. 13(b) illustrates that the curves of stress-strain and 478 

strain-FCR of GCB-6.0%, GCB-7.5% and GCB-9.0% all include elastic and plastic two 479 

stages, and the plastic stages prolong with the filler content increases. The maximum 480 

absolute value of FCR for GCB-6.0%, GCB-7.5% and GCB-9.0% is 12.0%, 8.4% and 481 

9.5%, respectively. Meanwhile, the maximum strain of these composites is 7703 µε, 482 

7446 µε and 8662 µε respectively, indicating that the specimen deformation plays an 483 

important role on the FCR value. The FCR of the composites first increases and then 484 

decreases with the increase of filler content.  485 
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Fig. 13 Compressive stress/strain and FCR of cement-based materials with GCB 

composite fillers under monotonic compressive loading 



 486 

The strain sensitivity of cement-based materials with GCB composite fillers under 487 

monotonic compressive loading is plotted in Fig. 14. It can be seen from Fig. 14 that 488 

the strain sensitivity possesses the same change trend with the FCR, which is also 489 

closely related to the overlap state of GCB composite fillers and specimen deformation 490 

of the composites. The strain sensitivity first increases and then decreases with the 491 

increase of filler content. The change rule of strain sensitivity under monotonic 492 

compressive loading is consistent with that under cyclic compressive loading. when the 493 

dosage of fillers is larger than 4.5%, the fractional change in electrical resistivity does 494 

not increase with the deformation increasing, again indicating that the conductive 495 

pathway in composites of GCB-6.0%, GCB-7.5% and GCB-9.0% is determined by the 496 

overlapped GCB composite fillers and is slightly influenced by cement matrix. 497 

Therefore, the increase of water-cement ratio has no benefit on the strain sensitivity of 498 

composites. The maximum strain sensitivity of GCB-4.5% is 21.2, which is comparable 499 

to that of concrete with 10 wt% carbon black (with strain sensitivity of 24) [33]. 500 

3.3 Electromagnetic wave shielding and absorbing property 501 

3.3.1 Electromagnetic wave shielding property 502 

The shielding effectiveness (SE) of cement-based materials with GCB composite 503 

fillers in the frequency of 2-18 GHz are exhibited in Fig. 15. As can be seen in Fig. 15, 504 
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Fig. 14 Strain sensitivity of cement-based materials with GCB composite fillers under 

monotonic compressive loading 



the incorporation of GCB composite fillers can significantly improve the SE of cement-505 

based materials. When the frequency is lower than 14.4 GHz, the SE of the composites 506 

increases with the filler content increasing. The SE of GCB-0% and GCB-1.5% first 507 

increases and then remain stable, in contrast, the SE of other composites first increases 508 

and then decreases with the increasing frequency. Meanwhile, the SE decrease rate at 509 

the frequency of larger than 9.6 GHz presents a decreasing tendency due to the increase 510 

of water-cement ratio of composites. In addition, the frequency corresponding to the 511 

maximum value of SE decreases with the increase of filler content. At the frequency of 512 

2 GHz, the SE of GCB-0% is only 0.30 dB which increases to 1.04 dB, 1.36 dB, 2.01 513 

dB and 2.43 dB when the GCB filler content is 4.5%, 6.0%, 7.5% and 9.0%, 514 

respectively. When the frequency is 9.6 GHz, the SE of GCB-9.0% reaches 6.55 dB 515 

and is 2.0 times of that of GCB-0% at the combined effect of GCB composite fillers 516 

and the increased water-cement ratio. The SE of the cement-based materials with 9.0 517 

wt% GCB composite fillers, i.e. 1.21 vol% graphene, is comparable to that of cement-518 

based materials with 1 vol% MLGs (6.88 dB) [17]. Meanwhile, it is 31.8% and 19.0% 519 

higher than that of composites with 2.4 vol% short-carbon nanotube/nano carbon 520 

black(S-CNT/NCB) and 1.41 vol% long-carbon nanotube/nano carbon black (L-521 

CNT/NCB) [49]. However, it is worth noting that although the SE of composites has 522 

not yet met the requirements (larger than 10 dB) of industrial and commercial 523 

application, the use of cement-based materials with GCB composite fillers can reduce 524 

the construction cost of infrastructures with electromagnetic wave shielding 525 

requirements. 526 
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Fig. 15 SE of cement-based materials with GCB composite fillers in the frequency of 2 to 18 

GHz 
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Fig. 16 The proportion of reflection loss (R), transmission loss (T) and absorption loss (A) of 

cement-based materials with GCB composite fillers in 2-18 GHz 

 528 

The shielding mechanisms can be revealed through parameters analysis including 529 

reflection loss, transmission loss and absorption loss. The proportion of reflection loss, 530 

transmission loss and absorption loss in the SE of the composites are shown in Fig. 16. 531 

For GCB-0%, the proportion of transmission loss is more than 50% and the proportion 532 

of reflection loss is less than 40%, while the proportion of absorption loss is basically 533 



zero in the frequency of 2-18 GHz. Meanwhile, the proportion of transmission loss 534 

decreases and the proportion of reflection loss increases with the frequency increasing. 535 

Due to the addition of GCB composite fillers, the proportion of reflection loss is higher 536 

than that of transmission loss when the frequency is larger than a certain value. The 537 

corresponding value of frequency is 12.50 GHz, 8.56 GHz, 6.16 GHz, 5.36 GHz, 4.00 538 

GHz and 3.52 GHz for GCB-0%, GCB-1.5%, GCB-3.0%, GCB-4.5%, GCB-6.0%, 539 

GCB-7.5% and GCB-9.0%, respectively. This suggests that the incorporation of GCB 540 

composite fillers endows cement-based materials with high reflectivity ability 541 

especially to low frequency electromagnetic wave. Fig. 16 also shows that when the 542 

filler content is larger than 4.5%, the proportion of reflection loss first increases and 543 

then decreases while the proportion of transmission loss first decreases and then 544 

increases with the increase of frequency. In addition, the proportion of absorption loss 545 

exhibits linear growth with frequency as the frequency is larger than 8 GHz. This 546 

indicates that in X (8-12.5 GHz) and Ku (12.5-18 GHz) wave band, the absorption 547 

ability to electromagnetic wave of the composites is improved by the inclusion of GCB 548 

composite fillers. The proportion of absorption loss for GCB-9.0% is as high as 35% at 549 

the frequency of 17-18 GHz, which can be attributed to high conductivity of the 550 

composites.  551 

3.3.2 Electromagnetic wave absorbing property 552 

The reflectivity of cement-based materials with GCB composite fillers in the 553 

thickness of 10 mm and 20 mm at the frequency of 2-18 GHz is demonstrated in Fig. 554 

17. The frequency range includes S (2-4 GHz), C (4-8 GHz), X (8-12.5 GHz) and Ku 555 

(12.5-18 GHz) wave band. It can be seen from Fig. 17(a) that the minimum reflectivity 556 

values of the composites in the thickness of 10 mm move to low frequency and their 557 

absolute values increase due to the incorporation of GCB composite fillers. At the 558 



frequency of S (2-4 GHz) wave band, the absolute value of reflectivity increases with 559 

increased filler content. When the filler content is 9.0%, the maximum absolute value 560 

of reflectivity of the composites reaches 19.6 dB, which is 7.9 times of that of the 561 

composites without fillers. In the frequency range of C (4-8 GHz) wave band, the 562 

maximum absolute value of reflectivity of the composites first increases and then 563 

decreases with the increase of filler content. The composite with 6.0% of fillers presents 564 

the maximum absolute value of reflectivity of 28.7 dB, which is improved by 13.7 times 565 

compared to that of GCB-0%. This is comparable to the reflectivity of cement-based 566 

materials with 9 vol% of MLGs (29.8 dB) at the frequency of 7.6 GHz [17]. The 567 

composites of GCB-4.5%, GCB-6.0%, GCB-7.5% and GCB-9.0% possess peak 568 

reflectivity at the frequency range of X (8-12.5 GHz) wave band, and the absolute value 569 

of the peak reflectivity decreases with the increasing filler content. The maximum 570 

absolute value of reflectivity of GCB-4.5% is 14.1 dB, which is 1.8 times of that of 571 

GCB-0%. The absolute value of peak reflectivity of GCB-0%, GCB-1.5% and GCB-572 

3.0% is 11.8 dB, 14.4 dB and 22.3 dB, respectively, at the frequency range of Ku (12.5-573 

18 GHz) wave band. The above analysis shows that the content of fillers which can 574 

endow the best electromagnetic wave absorbing performance to cement-based 575 

materials decreases with the increase of wave frequency. That is to say, the composite 576 

with high electrical resistivity has good electromagnetic wave absorbing performance 577 

in the high frequency band, while the high conductive composites can effectively 578 

absorb low frequency electromagnetic wave. Therefore, the increase of water-cement 579 

ratio is conductive to the improvement of electromagnetic wave absorbing property of 580 

composites at low frequency. It is because the penetrating power of high frequency 581 

electromagnetic wave is better than that of low frequency electromagnetic wave, and 582 

magneto electric conversion is an effective way to consume low frequency 583 



electromagnetic wave. 584 
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(b) In thickness of 20 mm (c) In thickness of 20 mm 

Fig. 17 The reflectivity of cement-based materials with GCB composite fillers in frequency of 

2-18 GHz 
 585 

Fig. 17(b) and (c) show the reflectivity of cement-based materials with GCB 586 

composite fillers in thickness of 20 mm at frequency range of 2-18 GHz. It can be found 587 

that the incorporation of GCB composite fillers lowers the electromagnetic wave 588 

absorbing performance of the composites at the frequency range of Ku (12.5-18 GHz) 589 

wave band, especially when the filler content is larger than 4.5%. At the frequency of 590 

S (2-4 GHz) and C (4-8 GHz) wave band, the composites with 4.5% fillers exhibit the 591 

best electromagnetic wave absorbing property and the maximum absolute value of 592 

reflectivity can reach 32.6 dB and 19.7 dB, respectively. These are 4.9 times and 3.0 593 

times of that of composites without fillers. At the frequency of X (8-12.5 GHz) wave 594 

band, the GCB-3.0% displays the best electromagnetic wave absorbing performance 595 



and the maximum absolute value of reflectivity is 22.1 dB. The cement-based materials 596 

with GCB composite fillers in 10 mm thickness perform better in the term of 597 

electromagnetic wave absorbing performance compared to that in 20 mm thickness.  598 

The minimum reflectivity and bandwidth of the composites are listed in Table 3. 599 

Table 3 shows that the frequency corresponding to the minimum reflectivity decreases 600 

with the increase of filler content, and this is not influenced by thickness. This is due to 601 

the decrease of workability, the increase of macroscopic defects and the increase of 602 

water-cement ratio. The absolute value of the minimum reflectivity of the composites 603 

in thickness of 10 mm is improved due to the addition of fillers. When the filler content 604 

is 3.0% and 6.0%, the maximum absolute value of reflectivity is 89.0% and 143.2% 605 

higher than that of composites without fillers. The bandwidth in which the reflectivity 606 

is less than -10 dB first increases and then decreases with the increasing filler content. 607 

It is increased by 87.5% due to the incorporation of 4.5% GCB composite fillers. The 608 

bandwidth in which the reflectivity is less than -15 dB is 0 for the composite without 609 

fillers, and it increases to 0.48 as the filler content is 3.0%. The bandwidth in which the 610 

reflectivity is less than -10 dB of the composites with 4.5% fillers, i.e. 0.69 vol% 611 

graphene, is the same with that of composites with 2.4 vol% CNT/NCB [49]. The 612 

bandwidth in which the reflectivity is less than -15 dB of the composites with 3.0% 613 

fillers, i.e. 0.47 vol% graphene, also equals to that of composites with 2.4 vol% 614 

CNT/NCB [49]. The maximum absolute value of reflectivity of the composites in the 615 

thickness of 20 mm has not been improved by the addition of fillers except that of GCB-616 

4.5%. The bandwidth in which the reflectivity is less than -10 dB and -15 dB of GCB-617 

1.5% increases by 13.6% and 56.1% compared with that of cement-based materials 618 

without fillers. The maximum absolute values (22.3 dB and 22.1 dB) of reflectivity of 619 

GCB-3% in the thickness of 10 mm and 20 mm is larger than that of mortar with 2.5 620 



wt% CB in the thickness of 30 mm (20.3 dB) [32]. The excellent electromagnetic wave 621 

self-absorbing property of cement-based materials with GCB composite fillers is 622 

mainly due to their good electrical conductivity [55, 56]. Because that cement-based 623 

materials with reflectivity less than 10 dB have a very important value both in military 624 

and civil use, it can be therefore concluded that cement-based materials with GCB 625 

composite fillers is a potential electromagnetic wave absorbing material for 626 

infrastructures. 627 

Table 3 Minimum reflectivity and bandwidth of cement-based materials with GCB composite 628 
fillers in the frequency of 2-18 GHz 629 

Specimens 

Minimum 

reflectivity (dB) 

(frequency, 

GHz) 

Bandwidth 

(reflectivity ≤-10 dB, 

GHz) 

Bandwidth 

(reflectivity ≤-15 dB, 

GHz) 

In thickness 

of 10 mm 

GCB-

0% 
-11.8 (16.88) 16.56-17.20 - 

GCB-

1.5% 
-14.2 (15.60) 15.20-16.00  - 

GCB-

3.0% 
-22.3 (14.16) 13.84-14.72  14.00-14.48 

GCB-

4.5% 
-13.9 (7.28) 

7.28-7.68 and 12.08-

12.88 
- 

GCB-

6.0% 
-28.7 (7.12) 

6.88-7.36 and 11.68-

12.08 
6.96-7.20 

GCB-

7.5% 
-18.2 (6.48) 

2.00-2.24 and 6.16-

6.72  
6.32-6.56 

GCB-

9.0% 
-19.6 (2.00) 

2.00-2.24 and 5.92-

6.40 
- 

In thickness 

of 20 mm 

GCB-

0% 
-29.0 (15.10) 

11.36-11.92 and 14.32-

15.52 
14.88-15.28 

GCB-

1.5% 
-20.9 (14.00) 

10.56-11.04, 13.60-

14.32 and 16.72-17.52  

10.72-10.88, 13.76-

14.08 and 17.04-17.20 

GCB-

3.0% 
-22.1 (9.76) 

9.52-10.08, 12.48-

13.04 and 15.52-15.92  

9.68-9.84 and 12.72-

12.80 

GCB-

4.5% 
-32.6 (3.68) 

3.52-3.84, 6.00-6.48 

and 8.24-8.80 

3.60-3.76 and 6.16-

6.24 

GCB-

6.0% 
-17.9 (3.44) 

3.28-3.68 and 5.76-

6.08 
3.44-3.52 

GCB-

7.5% 
-12.1 (3.10) 2.96-3.20  - 

GCB-

9.0% 
-9.8 (2.96) - - 

 630 

4 Conclusions 631 

The electrostatic self-assembled 0D/2D nano carbon materials, i.e. graphene/carbon 632 



black (GCB) composite fillers, can perform synergistic effect to improve the 633 

dispersibility of graphene and endow cement-based materials with smart properties 634 

without changing the preparation process. Therefore, the smart and multifunctional 635 

properties of cement-based materials with GCB composite fillers were investigated and 636 

their mechanisms were analyzed. The conclusions are as follows. 637 

The compressive work of cement-based materials with 4.5% GCB composite fillers 638 

is 28.6% higher than that of cement-based materials without fillers. Meanwhile, 639 

cement-based materials with GCB composite fillers demonstrate low elastic modulus 640 

at high compressive strength due to high longitudinal strain of composites. The DC and 641 

AC electrical resistivity of cement-based materials are reduced by three and two orders 642 

of magnitudes due to the addition of GCB fillers. The overlapped GCB composite fillers 643 

play a critical role in the conductivity of the composites. The incorporation of 4.5 wt% 644 

GCB composite filler ((i.e. 0.67 vol% graphene) endows cement-based materials with 645 

repeatable and stable self-sensing property and the strain sensitivity of composites 646 

achieves the maximum value of 19 and 21.2 under cyclic and monotonic compressive 647 

loading, respectively. The electromagnetic wave shielding effectiveness of cement-648 

based composites can reach 6.55 dB at the frequency of 9.6 GHz. The minimum 649 

reflectivity of the composites in thickness of 10 mm and 20 mm is -28.7 dB and -32.6 650 

dB, respectively. The bandwidth in which the reflectivity is less than -10 dB is increased 651 

by 87.5% due to the incorporation of GCB composite fillers. 652 

The cement-based materials with self-assembled 0D/2D nano carbon materials 653 

have potential to be used for oil well cementing and smart infrastructures due to 654 

excellent properties and simple preparation method. 655 
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